Calmodulin is a ubiquitous Ca 2þ sensor molecule encoded by three distinct calmodulin genes, CALM1-3. Recently, mutations in CALM1-3 have been reported to be associated with severe early-onset long-QT syndrome (LQTS). However, the underlying mechanism through which heterozygous calmodulin mutations lead to severe LQTS remains unknown, particularly in human cardiomyocytes. We aimed to establish an LQTS disease model associated with a CALM2 mutation (LQT15) using human induced pluripotent stem cells (hiPSCs) and to assess mutant allele-specific ablation by genome editing for the treatment of LQT15. We generated LQT15-hiPSCs from a 12-year-old boy with LQTS carrying a CALM2-N98S mutation and differentiated these hiPSCs into cardiomyocytes (LQT15-hiPSC-CMs). Action potentials (APs) and L-type Ca 2þ channel (LTCC) currents in hiPSC-CMs were analyzed by the patch-clamp technique and compared with those of healthy controls. Furthermore, we performed mutant allele-specific knockout using a CRISPR-Cas9 system and analyzed electrophysiological properties. Electrophysiological analyses revealed that LQT15-hiPSC-CMs exhibited significantly lower beating rates, prolonged AP durations, and impaired inactivation of LTCC currents compared with control cells, consistent with clinical phenotypes. Notably, ablation of the mutant allele rescued the electrophysiological abnormalities of LQT15-hiPSC-CMs, indicating that the mutant allele caused dominant-negative suppression of LTCC inactivation, resulting in prolonged AP duration. We successfully recapitulated the disease phenotypes of LQT15 and revealed that inactivation of LTCC currents was impaired in CALM2-N98S hiPSC model. Additionally, allele-specific ablation using the latest genome-editing technology provided important insights into a promising therapeutic approach for inherited cardiac diseases.
Introduction
Congenital long-QT syndrome (LQTS) is a genetic disorder characterized by a prolonged cardiac repolarization phase resulting in a long QT interval in the electrocardiogram (ECG). LQTS can cause syncope and even sudden death during early development. To date, 15 LQTS subtypes caused by mutations in genes encoding ion channels or channel regulators have been reported (1) (2) (3) (4) .
Recently, mutations in CALM genes, which encode the ubiquitous Ca 2þ sensor calmodulin (CaM), have been reported to be associated with severe early-onset LQTS (LQT14 and -15) (5,6), catecholaminergic polymorphic ventricular tachycardia (CPVT) (7) , and familial idiopathic ventricular fibrillation (8) . Three distinct genes (CALM1, CALM2, and CALM3) encode an identical CaM protein in humans. CaM modulates various proteins including several ion channels (9) (10) (11) (12) , sarcoplasmic reticulum ryanodine receptor/Ca 2þ release channels (RyR2) (13, 14) , and Ca 2þ /CaM-dependent protein kinase (CaMKll) (15) . Particularly during the regulation of L-type Ca 2þ channels (LTCCs), the complex of Ca 2þ -CaM promotes inactivation of LTCC currents (I CaL ) (16) .
Human induced pluripotent stem cell (hiPSC) technology is a powerful tool for studying inherited diseases in humans, and several cardiac diseases have been investigated using hiPSCderived cardiomyocytes (hiPSC-CMs) (17) (18) (19) . In most human arrhythmias, rodents cannot serve as an efficient model because their cardiac electrophysiological properties are distinct from those of humans; that is, rodent exhibit a faster heart rate and shorter action potential (AP) due to variations in ion channel gene expression (20, 21) .
CaM variants associated with LQTS and CPVT have been suggested to exert a dominant-negative effect on wild-type (WT) CaMs because heterozygous mutations in one of three CALM genes cause severe phenotypes though WT CaMs produced from the other five alleles. Therefore, because mutant CaMs can cause dominant-negative suppression of wild-type CaMs as a putative mechanism in LQT15, allele-specific ablation using a clustered regularly interspaced short palindromic repeat (CRISPR) and CRISPR-associated 9 (Cas9) endonuclease system may allow rescue of the electrophysiological abnormalities observed in LQT15-hiPSC-CMs.
In this study, we established a hiPSC model from a patient with LQTS carrying a heterozygous CALM2-N98S mutation and successfully recapitulated the disease phenotypes. In addition, we conducted genome editing of LQT15-hiPSCs using the CRISPR-Cas9 system and rescued the observed electrophysiological abnormalities. Our findings provide important insights into the pathophysiological mechanisms of this disease and offer a promising therapeutic approach for CALM-related LQTS.
Results

Generation of LQT15-hiPSCs
Patient-specific LQT15-hiPSCs were generated from the peripheral blood mononuclear cells of a 12-year-old boy with LQTS carrying a heterozygous CALM2 mutation (c.293A > G, p.N98S), whose clinical features were described previously (5) . He had episodes of syncope, and his ECG showed a mildly prolonged QT interval at rest (QTc 478 ms). The epinephrine infusion test evoked pronounced QT prolongation. There was no family history of arrhythmia or sudden death (5). We obtained peripheral blood mononuclear cells from the index patient after written informed consent, and hiPSCs were generated using an integration-free episomal vector method (22) . As a control, 201B7 and 253G1 hiPSC lines generated from a healthy individual were used in this study (23, 24) . The LQT15-hiPSCs showed characteristics of human embryonic stem cell morphology and stained positive for pluripotency markers (Fig. 1A) . We confirmed the expected mutation, CALM2-N98S, in LQT15-hiPSC clones but not in the control (Fig. 1B) .
Mutated CaM ablation using an allele-specific CRISPRCas9 nickase system in LQT15-hiPSCs
In order to ablate mutated CaMs in LQT15-hiPSCs, we designed target vectors using a web-based program (http://crispr.mit. edu/; date last accessed March 8, 2017; Fig. 2A ), and LQT15-hiPSCs were transfected with a Cas9 nickase/guide RNA (gRNA) expression vector. After puromycin selection, we isolated 18 clones and screened them by sequencing (Supplementary Material, Table S1 ). Consequently, we obtained two clones with 2B ). These clones carried out-of-frame mutations and were expected to produce a premature stop codon. LQT15-KO-hiPSC1 carried a 5-bp deletion from intron 4 to exon 5 (4 bp in intron 4 and 1 bp in exon 5). This mutation was thought to lead to exon skipping and produced a stop codon after the amino acid residues. LQT15-KO-hiPSC2 carried a 38-bp insertion in exon 5, resulting in a frame-shift mutation and premature stop codon at residue 98. In these clones, we checked for the potential offtarget mutations in the top 5 predicted candidate sites identified using bioinformatics programs by sequencing and did not detect any genome modifications. We conducted quantitative real-time polymerase chain reaction (PCR) in hiPSC-CMs and found that CALM2 expression in LQT15-KO-hiPSC-CMs was approximately half that in LQT15-hiPSC-CMs (Fig. 3A) .
Allele-specific ablation rescued the abnormal electrophysiological properties of LQT15-hiPSC-CMs
We differentiated hiPSCs into CMs using the embryoid body (EB) formation method (25) . The beating rate of LQT15-EBs was significantly lower than that of the control, and it was rescued in LQT15-KO-EBs (LQT15: 24.2 6 1.3 bpm, control: 47.3 6 1.7 bpm, LQT15-KO: 40.9 6 2.0 bpm; P < 0.01, LQT15 vs control or LQT15-KO; Fig. 3B ). Spontaneous APs were recorded from single hiPSCCMs using the current-clamp technique. APs in hiPSC-CMs have been reported to have various morphologies that can be categorized as ventricular-, atrial-, or nodal-like. In the present study, we analyzed ventricular-like cells categorized based on previously reported criteria (26, 27) . Typical ventricular-type APs are shown in Figure 4A . In agreement with the results observed in EBs, the frequency of spontaneous APs in LQT15-hiPSC-CMs was significantly lower than that in control-and LQT15-KOhiPSC-CMs (LQT15: 30.8 6 5.5 bpm, control: 79.4 6 17.2 bpm, LQT15-KO: 83.9 6 10.8 bpm; P < 0.05, LQT15 vs control; P < 0.01, LQT15 vs LQT15-KO; Supplementary Material, Table S2 ). AP durations (APDs) at 50% and 90% repolarization (APD 50 and APD 90 ) were significantly prolonged in LQT15-hiPSC-CMs compared with those in control (APD 50 Table S2 ). Allele-specific ablation ameliorated prolonged APD of LQT15-hiPSC-CMs. The APD 50 and APD 90 of LQT15-KO-hiPSC-CMs (252.8 6 20.8 ms and 326.1 6 28.6 ms, respectively) were significantly shorter than those of LQT15-hiPSC-CMs (Fig. 4B , Supplementary Material, Table S2 ). Because APD was affected by beating rate, we corrected APD 50 and APD 90 (cAPD 50 and cAPD 90 ) by following equation: APD/(spontaneous cycle length) 1/2 as previously reported (28, 29) . Even after adjustment for beating intervals, the cAPD 50 and cAPD 90 of LQT15-hiPSC-CMs were also significantly prolonged compared with those of the control, and it was rescued in LQT15-KO-hiPSC-CMs to a similar level as in control-hiPSCCMs (cAPD 50 Table S2 ). In LQT15-KO-hiPSC-CMs, maximum diastolic membrane potentials were significantly more depolarized than controland LQT15-hiPSC-CMs (LQT15-KO: -59.8 6 1.6 mV, control:-69.7 6 1.9 mV, LQT15: -72.6 6 2.8 mV; P < 0.01, LQT15-KO vs control or LQT15; Supplementary Material, Table S2 ); however, there were no significant differences in any other AP parameters (Supplementary Material, Table S2 ).
Using the voltage-clamp technique, we recorded I CaL of control-, LQT15-, and LQT15-KO-hiPSC-CMs ( Fig. 5A and B) . Notably, inactivation of LTCCs was impaired in LQT15-hiPSC-CMs compared with that in control cells. The time constants of inactivation in LQT15-hiPSC-CMs were significantly larger than those of the control (Fig. 5C ). Figure 5D shows the ratio of I CaL remaining after 100-ms depolarization to the peak current (r100). The values of r100 in LQT15-hiPSC-CMs were also significantly larger than those of the control (Fig. 5D ). There were no significant differences between control-and LQT15-hiPSC-CMs in the currentvoltage relationship and conductance-voltage activation and inactivation curves (Fig. 5E and F, Supplementary Material, Table  S3 ). In LQT15-KO-hiPSC-CMs, the inactivation of LTCCs was improved ( Fig. 5C and D) . The time constants of inactivation and the value of r100 in LQT15-KO-hiPSC-CMs were significantly smaller than those of LQT15-hiPSC-CMs ( Fig. 5C and D) . In comparison to control, r100 of LQT15-KO-hiPSC-CMs was significantly larger at -10 and 0 mV. The k value of the activation curve in LQT15-KO-hiPSC-CMs was significantly larger than that in control-and LQT15-hiPSC-CMs (Supplementary Material, Table S3 ). Discussion iPSC technology offers a unique opportunity to establish cellular models of disease for investigation of the underlying pathological mechanisms. In this study, we established a patientderived iPSC-based model of LQTS associated with the CALM2-N98S mutation and successfully recapitulated the phenotypes, i.e., a lower beating rate and longer APD, consistent with the clinical phenotype of the index patient with bradycardia and a prolonged QTc interval (5) . In addition, we performed mutant allele-specific ablation in LQT15-hiPSCs using the CRISPR-Cas9 system, which resulted in attenuation of the abnormal electrophysiological properties of the cells, indicating a dominant negative effect of CALM2-N98S. CMs, we corrected APD by Bazett's formula according to previous reports (28, 29) . However, the method to correct APD appropriately in vitro model is not established and further investigations will be needed. CaM also regulates RyR2 channels (14, 31, 35) . WT CaMs bind RyR2 channels, decreasing the RyR2 channel open probability (14) . In 2012, Nyegaard et al. described CPVT cases associated with CALM1 mutations (N54I and N98S) and showed an impaired binding affinity to RyR2 peptides in N98S but not N54I under low Ca 2þ conditions (7). In contrast, Hwang et al. showed that the CPVT-related mutant CaMs N54I and N98S exhibited higher binding affinity to RyR2 channels than WT CaMs in sarcoplasmic reticulum vesicles prepared from the porcine ventricular myocardium (31) . In their study, N54I and N98S mutant CaMs increased the single channel open probability of RyR2 channels in artificial lipid bilayers and increased the Ca 2þ wave frequency in mouse ventricular CMs. Currently, the interaction between CPVT-related mutant CaMs and RyR2 channels remains controversial. Similarly, it is unclear why the CALM2-N98S mutant in our case did not exhibit typical CPVT phenotypes, despite the observation that the N98S mutation in CALM1, which produces the same amino acid sequence, is The action potential duration (APD) of control-(n ¼ 11), LQT15-(n ¼ 8), and LQT15-KO-hiPSC-CMs (n ¼ 10) measured at 50% and 90% repolarization (APD 50 and APD90) from the AP peak of spontaneous ventricular-type APs. (C) Corrected APD 50 and APD 90 according to beating rate (cAPD 50 and cAPD 90 ). **P < 0.01 (Control vs LQT15). † P < 0.05, † † P < 0.01 (LQT15 vs LQT15-KO). associated with CPVT (7). We assume that different expression levels of CALM1 and CALM2 in specific cell types may be associated with different phenotypes in these two cases. In addition to RyR2, CaM is known to regulate other cardiac ion channels, such as voltage-gated Na þ channels (Nav1.5) and voltage-gated K þ channels (K v 7.1), which have the potential to contribute to APD prolongation. Inactivation of Nav1.5 is regulated by CaM, and ablation of this regulation results in Nav1.5 dysfunction (33, 36) . With regard to LQTS-mutant CaMs, Yin et al. studied whether D96V-, D130G-, and F142L-CaMs affected late Na þ currents in a heterologous expression system or mouse ventricular myocytes and concluded that Nav1.5 dysfunction was not the major cause of LQTS associated with CaM mutations (37) . Further studies are needed to investigate the interaction between N98S mutant CaMs and Nav1.5. Kv7.1 (I Ks ), encoded by KCNQ1, plays an important role in the repolarization of cardiomyocytes and requires CaM for assembly and correct gating (9, 10, 38) . Shamgar et al. reported that KCNQ1 mutations located near the IQ motif impair CaM binding, confer inactivation, and reduce I Ks current amplitude (9) . Therefore, reduction of CaM binding affinity to Kv7.1 may decrease the density of I Ks and prolong APD in LQTS-related CaM mutations. Other molecular targets of CaM, including CaMKll and HCN4 channels, are considered potential contributors to LQT15 phenotypes (39, 40) . Additional investigations may provide insights into the contributions of these targets to the underlying mechanisms of LQT15 phenotypes.
The CRISPR-Cas9 system has proven to be an efficient genome editing tool in iPSCs and is useful for creating gene KO or knock-in hiPSCs (41, 42) . Moreover, this system has the potential to correct genetic mutations in hiPSC-related disease models (43) (44) (45) . However, compared with other recent approaches involving targeted genome modification, the CRISPR-Cas9 system has a higher occurrence of off-target effects (46, 47) . To improve the specificity of Cas9-mediated genome editing, a Cas9 double nickase system was reported to minimize the off-target effects of this system (48) . Here, we successfully performed allele-specific KO using the Cas9 double nickase system without any unwanted genome modifications in the other putative targets; this strategy rescued the abnormal electrophysiological properties of LQT15-hiPSC-CMs. Considering that an identical CaM protein is expressed from three distinct genes, Limpitikul et al. recently reported that transcriptional repression of CALM2 using CRISPR interference which nonspecifically targeted both WT and mutant alleles ameliorated the prolonged APDs in the patient-specific iPSC model (49) . In contrast with their strategy, our allele-specific ablation does not affect the expression of WT allele and is also applicable to other diseases caused by a dominant negative mechanism. However, we need to take care of the effect of one CALM2 allele knockout on cardiomyocytes. LQT15-KO-iPSC-CMs exhibited different electrophysiological properties in maximum diastolic potential, r100, and the slope factor k in steady-state activation from control-hiPSC-CMs. Therefore, further investigations will be required for elucidating the mechanisms underlying these alterations in LQT15-KOhiPSC-CMs. Regarding in vivo genome editing, Nelson et al. and Tabebordber et al. performed in a DMD mouse model using a small, efficient Cas9 with an adeno-associated virus delivery system (50, 51) . Additional improvements to genome editing are needed to enhance the safety, specificity, and efficiency of this method, in conjunction with better delivery technologies, in order to target organs for efficient gene therapy in the clinical setting.
Conclusion
Here, we established disease-specific iPSC clones from an individual with LQTS carrying a CALM2-N98S mutation as an in vitro disease model, which recapitulated the LQT15 phenotype. Additionally, we found that inactivation of LTCCs was impaired in LQT15-hiPSC-CMs, resulting in APD prolongation. Using the Cas9 double nickase system, we performed allele-specific ablation in LQT15-hiPSCs, rescuing the abnormal electrophysiological properties in LQT15-hiPSC-CMs. These findings demonstrated the additional evidence of a dominant-negative effect of CALM2-N98S and indicated that this therapeutic approach has potential for the treatment of diseases caused by dominant-negative mechanisms. This hiPSC-based disease model provides a powerful platform for studying the pathophysiological mechanisms of LQTS and for developing novel therapies for this disorder.
Materials and Methods
hiPSC generation and cardiomyocyte differentiation
After obtaining informed consent, hiPSCs were generated from the peripheral blood mononuclear cells of the index patient using an integration-free episomal vector method (22) . As a control, 201B7 and 253G1 hiPSC lines generated from a healthy individual were used in this study (23, 24) . We differentiated hiPSCs into cardiomyocytes using an EB differentiating system (25) . During cardiac differentiation, cells were incubated at 37 C in 5% CO 2 , 5% O 2 , and 90% N 2 for the first 12 days to promote differentiation. The hiPSCs aggregated to form EBs and were cultured in suspension for 20 days. On the 20th day of culture, EBs were treated with collagenase B (Roche, Basel, Switzerland) and trypsin EDTA (Nacalai Tesque, Kyoto, Japan) and dispersed into single cells or small clusters, which were plated onto 0.1% gelatincoated dishes. hiPSC-CMs were then maintained in conditioned medium. This study was approved by the Kyoto University ethics review board (G259) and conformed to the principles of the Declaration of Helsinki.
Genome sequencing
Genomic DNA was isolated from hiPSCs by GenElute Mammalian Genomic DNA Miniprep kit (Sigma-Aldrich, St Louis, MO, USA). Purified DNA was amplified with specific primers and analyzed by Genetic Analyzer 3130 and Big Dye Terminater v3.1 (Thermo Fisher Scientific, Waltham, MA, USA). Primers are described in Supplementary Material, Table S5 .
Immunostaining
For immunostaining, hiPSC colonies were fixed with 4% paraformaldehyde. The cells were permeabilized by 0. 
Teratoma formation
The hiPSCs were injected into scid/scid mice under the testis. Tumor samples were collected at 8 weeks, fixed in 10% formalin, and stained with hematoxylin and eosin.
CRISPR Cas9 nickase vector and guide RNA design
We used the PX462 (Addgene plasmid #62987) (52) for Cas9 double nickase system, which is an expression vector encoding Cas9 nickase and gRNA. The gRNAs were designed for targeting of the exon 5 in the CALM2 gene, and one gRNA was designed for mutant allele specific sequence. The sequences were described in Figure 2A .
Transfection of CRISPR into LQT15-hiPSCs 
Analysis of off-target effects
The potential off-target loci were predicted using bioinformatics programs (47) . Sanger sequencing across the regions of top 5 loci (Supplementary Material, Table S4 ) for each gRNA was performed. The primers for amplifying and sequencing the offtarget loci are listed in Supplementary Material, Table S5 .
Quantitative PCR
Total RNAs were isolated using TRIzol Reagent (Thermo Fisher Scientific) from beating EBs microdissected from hiPSC-CMs on the 30 th day. These RNAs were treated with TURBO DNA-free Kit (Thermo Fisher Scientific) and transcribed into complementary DNA (cDNA) by using Transcriptor First Strand cDNA Synthesis Kit (Roche). The primers used in this study are described in Supplementary Material, Table S5 . The quantitative PCR (qPCR) was performed using a Taqman method. The expression of genes were normalized relative to GAPDH and assessed using the comparative change in the threshold cycle (DC t ) method.
Electrophysiological analysis
Data were acquired at 10 kHz with the Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA), Digidata 1440 digitizer hardware (Molecular Devices) and pClamp 10.4 software (Molecular Devices) on experimental requirements. Plated hiPSC-CMs 5 to 8 weeks after differentiation were dissociated as above to record AP and I CaL . For single cell patch-clamp recordings, gelatin-coated glass coverslips were placed into each well of a 6-well plate, and 2 ml of DMEM/F12 containing 2% FBS and 80,000-120,000 cardiomyocytes were added in each well. Spontaneous APs were recorded from spontaneously beating single cardiomyocytes by using the perforated patch-clamp technique with amphotericin B (Sigma-Aldrich) at 36 6 1 C. I CaL recordings were performed by whole-cell voltage-clamp at 25 6 1 C. Experimental details regarding measurements of APs and I CaL , as well as data analysis methods, in hiPSC-CMs are described in the Supplemental Material.
Statistical Analysis
All data were shown as mean 6 SEM. Statistical significance was defined as P < 0.05. Statistical significance was evaluated by using one-way ANOVA followed by Tukey's test. qPCR data were analyzed by Student's t-tests.
Supplementary Material
Supplementary Material is available at HMG online.
